Abstract In recent years, microalgae-based carbon-neutral biofuels (i.e., biodiesel) have gained considerable interest due to high growth rate and higher lipid productivity of microalgae during the whole year, delivering continuous biomass production as compared to vegetable-based feedstocks. Therefore, biodiesel was synthesized from three different microalgal species, namely Tetraselmis sp. (Chlorophyta) and Nannochloropsis oculata and Phaeodactylum tricornutum (Heterokontophyta), and the fuel properties of the biodiesel were analytically determined, unlike most studies which rely on estimates based on the lipid profile of the microalgae. These include density, kinematic viscosity, total and free glycerol, and high heating value (HHV), while cetane number (CN) and cold filter plugging point (CFPP) were estimated based on the fatty acid methyl ester profile of the biodiesel samples instead of the lipid profile of the microalgae. Most biodiesel properties abide by the ASTM D6751 and the EN 14214 specifications, although none of the biodiesel samples met the minimum CN or the maximum content of polyunsaturated fatty acids with ≥4 double bonds as required by the EN 14214 reference value. On the other hand, bomb calorimetric experiments revealed that the heat of combustion of all samples was on the upper limit expected for biodiesel fuels, actually being close to that of petrodiesel. Post-production processing may overcome the aforementioned limitations, enabling the production of biodiesel with high HHV obtained from lipids present in these microalgae.
Introduction
In the last few years, several efforts have been carried out to develop sustainable biofuels, such as biodiesel and biojet fuel, from renewable sources owing to the expected depletion of fossil fuels, their negative effect on global warming, and their impact upon air pollution (Amaro et al. 2012) . Approximately 80 % of the commercially produced energy is fossil-based, of which 58 % alone is consumed by the transport sector (Nigam and Singh 2011; Daroch et al. 2013) . As fossil fuels are a finite resource, it is essential to explore alternative, renewable, sustainable, and cost-effective sources of energy for the near future. As a result, EU targets to use at least a share of 10 % Katkam N. Gangadhar and Hugo Pereira contributed equally to this work. renewable biofuels in the transport sector by 2020 (Pacini et al. 2013) .
Biodiesel-a mix of fatty acid alkyl esters (FAAE)-has been developed as a viable alternative to fossil fuels and has been exploited from a wide variety of renewable sources (e.g., vegetable oils, animal fats, and waste cooking oils), because it is non-toxic, biodegradable, carbon-neutral, and can be used in existing diesel engines with little or no modification; in addition, it can be easily transported and handled (Daroch et al. 2013 ). However, the aforementioned feedstocks cannot realistically fulfill the demand for transport fuels in the near future due to high demand, low production, and need to allocate arable land and freshwater for their production. In this context, microalgal biomass has recently emerged as one of the most promising biofuel feedstocks for large-scale production with favorable prospects for commercialization in the medium term (Wijffels and Barbosa 2010; Chisti 2013) . Several start-up companies are in place for production of microalgae-based biofuels (Chisti and Yan 2011) , because these microorganisms can be cultivated in sea-or brackish water using non-arable land unsuitable for the cultivation of land plants and thus not competing with food crops (Hu et al. 2008a, b) .
Despite the high potential of microalgae biofuels, its production costs are still too high, and therefore its commercialization is often considered economically unfeasible (Wijffels and Barbosa 2010) . These costs may be offset by the use of microalgal strains with high growth and lipid productivities (Chisti 2007) . However, a simple assessment of lipid productivity does not necessarily imply that a given microalgal strain is an appropriate feedstock for biodiesel production, since produced biodiesel might not meet international specifications (Knothe 2011) . Nonetheless, most reports evaluate the growth and lipid productivities of different microalgal strains without assessing the performance of the produced biodiesel. To ensure a final product of high quality, biodiesel must meet the EN 14214 or ASTM D6751 specifications in Europe or the USA, respectively. Among the properties that should be assessed are ester content, cetane number (CN), density, kinematic viscosity, cold filter plugging point (CFPP), free and total glycerol, and higher heating value (HHV). Although HHV is not regulated by the above specifications, the EN 14213 standard prescribes that biodiesel for heating should have an HHV ≥35 MJ kg
. HHV is a crucial parameter for a given fuel to be considered as a candidate to replace established fuels with strict specifications, such as the MIL-PRF-83133E specification for the US military JP-8 fuel, which requires an HHV ≥45.9 MJ kg −1 (Levine et al. 2014) .
Most studies assessing the properties of biodiesel produced from microalgae have focused on microalgal fatty acid (FA) profiles. Yet, FA profiles obtained using traditional profiling methods, based on derivatization reagents (e.g., acetyl chloride and BF 3 ) unsuitable for industrial applications, are known to differ significantly among each other (Carvalho and Malcata 2005) . Therefore, estimations of the biodiesel properties using these FA profiles will probably not reflect the final biodiesel and its properties. A systematic analysis of the FAAE profile and a comparative study of accurately determined biodiesel properties are therefore necessary to select the most appropriate strains and characterize the biodiesel obtained therefrom. Such an approach has been followed by Mandal and Mallick (2012) in Scenedesmus obliquus and by Chen et al. (2012) , who investigated the physicochemical properties of biodiesel samples prepared from biomass of Scenedesmus sp. and Nannochloropsis sp. In this work, we report the properties of biodiesel synthesized from the biomass of three commonly produced marine microalgae: Nannochloropsis oculata, Phaeodactylum tricornutum, and Tetraselmis sp. Although these species have been previously studied and proposed for the production of biodiesel (Huerlimann et al. 2010) , to our knowledge, the fuel properties and calorific value of the biodiesel produced from their biomass have never been described.
Materials and methods

Growth and water content of microalgal biomass
Biomass of the three strains (Nannochloropsis oculata, Phaeodactylum tricornutum, and Tetraselmis sp.) was supplied by NECTON S.A., Portugal. Cultures were grown outdoors in a semi-continuous cultivation system of flat panel flow-through and tubular photobioreactors. Laboratory analyses were carried out every week to assess the presence of Vibrio and total marine bacteria. Harvesting of biomass was by centrifugation and resulted in a solid dark green paste, which was frozen at −20°C until use. Prior to lipid extraction, 1 g of microalgal biomass was incubated in an oven at 60°C for 72 h (n=3) in order to determine its water content.
Lipid extraction
Lipids were extracted according to the protocol described by Yao et al. (2012) with a few modifications. Briefly, microalgal paste (100 g per replicate) was dispersed in 210 mL of isopropanol (IPA) and stirred at reflux temperature for 90 min. After refluxing, the mixture was centrifuged at 4,000×g for 10 min. The supernatant (IPA-1) was separated from the pellet by decanting. The insoluble matter was further extracted with IPA under reflux conditions for 30 min (IPA-2; 150 mL) and 15 min (IPA-3; 75 mL), followed by centrifugation under the same conditions and filtered through Whatman no. 4 filter paper. IPA and water were removed from the mixture using a rotatory evaporator under reduced pressure.
Preparation and purification of biodiesel
Biodiesel was prepared according to the method reported in Lam and Lee (2013) with modifications. Briefly, crude lipids were mixed with a solution of methanol and tetrahydrofuran (THF, 4:1, v/v) and concentrated sulfuric acid (2 % H 2 SO 4 in methanol) in a 500-mL round bottom flask and stirred at reflux temperature (64-69°C) for 3 h. The reaction was monitored by thin-layer chromatography (TLC) using hexane and ethyl acetate (95:5 v/v). After reaction completion, solvent was removed up to 1/4 of the volume to reduce/or avoid emulsions and sequentially extracted three times with hexane. Hexane fractions were transferred to a separating funnel and washed with distilled water until the acid was neutralized, followed by a saturated NaCl solution treatment. The hexane fraction was dried over anhydrous sodium sulfate, filtered, and evaporated using a rotatory evaporator under reduced pressure to obtain biodiesel. To remove non-volatile compounds from the mixture, crude biodiesel was distilled under reduced pressure (1 mbar), within the temperature range 170-190°C.
Determination of fatty acid methyl ester profiles
The fatty acid profiles of the biodiesel samples were determined in an Agilent GC-MS (Agilent 6890 Network GC System, 5973 Inert Mass Selective Detector) equipped with a DB5-MS capillary column (25 m×0.25 mm internal diameter, 0.25 μm film thickness, Agilent). Helium was used as a carrier gas, while the injector and detector were maintained at 300°C. The oven temperature was programmed for 60°C (1 min), 30°C min −1 to 120°C, 5°C min −1 to 250°C, and 20°C min −1 to 300°C (2 min). Identification and quantification of fatty acid methyl esters (FAME) (total ion mode) were performed by comparing the retention times of biodiesel samples with an external standard (Supelco 37 Component FAME Mix, Sigma-Aldrich) and further confirmed by comparison of the MS spectra. For quantification purposes, a separate calibration curve was generated for each of the FAME in the standard.
Assessment of biodiesel properties
Physicochemical properties Biodiesel density was measured in accordance with ASTM D4530, using a density meter (Anton-Paar, DMA4500M). Kinematic viscosity was determined as per ASTM D445 method with a viscometer (Cannon, CT-500F). The total ester content was analyzed according to EN 14103 method, as described in the fatty acid profile section. The glycerol and acylglycerol (mono-, di-, and triacylglycerols) content was determined according to the EN 14105 method in the GC-MS described above. The CN was calculated as proposed by Knothe (2014) ; the equation used, which relies on the CN (CN c ) and relative amount (A c ) of each fatty acid methyl ester constituent of the mixture, is as follows:
The CFPP was estimated via the model proposed by Ramos et al. (2009) and involved calculation of the long chain saturated factor (LCSF) using the following equations:
Calorimetric evaluation The HHV was determined via isoperibol combustion calorimetry (LECO model AC500, equipped with a Parr 1108 oxygen combustion vessel of 350 mL), according to the CEN/TS 15400 method. Briefly, a known amount of liquid sample (1 g) was placed in the bottom of a stainless steel crucible, and 10 cm of cotton fuse thread (LECO, 4.1 Btu cm
, 10 cm) was positioned with one end under the sample pellet and the other tied to the ignition wire. A volume of 10 mL of distilled and deionized water from a Millipore system was added to the bomb to ensure that all water formed as product of combustion remained in the liquid phase. After purging, the bomb was charged with oxygen at a pressure of 3.04 MPa, and a few minutes were allowed for equilibration before closing the inlet valve. At the end of the experiment, the bomb was inspected for residues and, if found, the experiment was discarded. LECO's AC500 Windows-based software using the Regnault-Pfaundler method allowed calculating the adiabatic temperature rise and the HHV value. All samples were run in triplicate.
Instrument accuracy was tested for each biodiesel sample by burning pellets of benzoic acid (BCS RM 190T) with a certified heat of combustion (26,439.7±12.2 J g −1 ). The lower heating value (LHV) at constant volume was estimated based on the total hydrogen content of the moisture-free sample, as described in CEN/TS 15400 method. The elemental analysis of biodiesel samples was carried out with a Fisons Instruments EA1108 apparatus.
Results and discussion
Lipid extraction and biodiesel production Lipids were extracted with IPA from microalgal paste containing 65 to 72 % water. N. oculata showed the highest IPA extract yield (42 % of dry weight (DW)), followed by that of P. tricornutum (37 % of DW) and Tetraselmis sp. (21 % of DW). IPA is a lower alcohol able to efficiently extract lipids from microalgae. However, it is not selective for triacylglycerols (TAG), co-extracting other molecules such as glycolipids, phospholipids, and pigments, thus explaining the high IPA yields obtained. Nevertheless, the use of aqueous IPA (70 %) has several advantages (Yao et al. 2012 (Yao et al. , 2013 , and the present study): (i) it is an attractive alternative to toxic solvents (e.g., hexane, chloroform, and methanol); (ii) being a food-grade solvent, IPA enables the use of the residual biomass in food/feed applications; (iii) it minimizes drying costs because extraction can be done directly from wet biomass; and (iv) high lipid yields obtained suggest that stirring the biomass at reflux temperature could be sufficient to extract the lipids without any physical pretreatment to induce cell lysis (e.g., sonication or microwaves).
Transesterification was performed using H 2 SO 4 , methanol, and THF, and produced biodiesel samples were further distilled under vacuum to remove all non-volatile compounds. THF is an essential component to maintain a monophasic reaction, since TAG are not soluble in methanol, preventing the conversion of TAG to biodiesel, concomitantly decreasing the reaction time from 6 to 3 h (Lam and Lee 2013) . Biodiesel production from microalgal oils is additionally challenging due to the presence of high free fatty acids (FFA) and water that prevents the usage of homogeneous base catalysts (e.g., NaOH or KOH). To replace homogeneous base catalysts, homogeneous acid catalysts can be used, since they do not show measurable susceptibility to FFA and can catalyze in situ esterification and transesterification (Lam and Lee 2013) . This method resulted in clear amber-yellow, orange, and red liquids (biodiesel) from P. tricornutum, N. oculata, and Tetraselmis sp., respectively (Fig. 1) .
Fatty acid methyl ester profile FAME composition of the biodiesel samples was calculated in terms of total fatty acids (TFA; Table 1 ). The main FAME detected in P. tricornutum and N. oculata were palmitic (C16:0), palmitoleic (C16:1), and eicosapentaenoic (EPA, C20:5n-3) acids, which accounted for more than 65 % of the TFA in P. tricornutum and N. oculata. P. tricornutum also exhibited significant amounts of hexadecatetraenoic (C16:4), hexadecatrienoic (C16:3), and hexadecadienoic (C16:2) acids, representing 3.2, 9.3, and 5.6 % of TFA, respectively. Tetraselmis sp. displayed a completely different FAME profile when compared to those described above: although palmitic acid was also a major fatty acid, the high amount of palmitoleic and EPA detected in the previous strains was replaced by oleic (C18:1; 16.2 %) and linolenic (LA, C18:3; 22.4 %) acids. Hexadecatetraenoic acid (C16:4) was also detected at significant levels (13.0 % of TFA). In all strains, the sum of saturated (SFA) and monounsaturated (MUFA) fatty acids combined together represented approximately 50 % of TFA. This result thus suggests that these strains contain high amounts of polyunsaturated fatty acids (PUFA) in their FA profile (44.2 to 52.0 % of TFA; Table 1 ). Fig. 1 Process flow. Diagram of process followed to synthesize and evaluate properties of biodiesel from wet microalgal biomass. The inset photograph depicts the final biodiesel samples obtained ) indicating a good conversion rate of feedstock into biodiesel (Knothe 2006) . The ASTM D6751 standard does not regulate this parameter.
Kinematic viscosity is an important physical property for any liquid biofuel, being an indication of the ability of a liquid to flow in the engine. The obtained results were 3.9 and 3.7 cSt for N. oculata and Tetraselmis sp., respectively, which are in agreement with the EN 14214 specifications, stating that kinematic viscosity of the biodiesel should lie in the range of 3.5-5.0 cSt. However, the kinematic viscosity of the biodiesel produced from P. tricornutum was lower than that of the EN 14214 specification (2.95 cSt). Regarding the ASTM specifications, the viscosities determined for all samples were within the recommended values (1.9-6.0 cSt).
The content in acylglycerols (referred to as Bglycerides^in the standards) of the biodiesel samples was determined (Table 2 ) and found to be below the detection limit in all the samples. This is a consequence of the procedure used in the production of the biodiesel since the presence of acylglycerols was monitored by TLC, during the conversion process, and the reaction was stopped only when the acylglycerols were depleted. In addition, biodiesel samples were thoroughly washed to remove glycerol and further distilled to remove pigments and other extraneous materials, therefore explaining the absence of free glycerol and acylglycerols.
CN represents the ignition quality of biodiesel and was estimated from the FAME profile (Knothe 2014) . P. tricornutum, N. oculata, and Tetraselmis sp. displayed a CN of 48.3, 46.7, and 47.3, respectively. According to these estimates, none of the samples met the limit established by the EN 14124 (CN≥ 51), although P. tricornutum and Tetraselmis sp. meet the ASTM D6751 (CN ≥ 47) specifications. The CN of P. tricornutum was very similar to the average value of the Bacillariophyceae (CN=48.5) estimated by Stansell et al. (2012) . However, the CN calculated for N. oculata was lower than the mean value of strains belonging to the Eustigmatophyceae (CN=52.3), whereas the values calculated for Tetraselmis sp. were higher than the average reported for different Chlorophyceae (CN=42.3). Low CN biodiesel can be enhanced by blending with saturated FAME or through the usage of additives known to improve CN, such as 2-ethylhexyl nitrate, cyclohexyl nitrate, or 2-methoxyethyl ether, which have previously been reported to increase CN values from 45.5 to 63.5 (Knothe 2011; Ruina et al. 2014 ).
The CFPP is one of the most commonly assessed cold flow properties of liquid fuels, representing the temperature responsible for plugging 0.45 μm filters. Tetraselmis sp. biodiesel presented the highest value (CFPP=−8.5°C), followed by N. oculata (CFPP = −10.7°C) and P. tricornutum (CFPP = −10.6°C). The calculated CFPP for P. tricornutum, N. oculata, and Tetraselmis sp. were lower than the mean values reported for other Eustigmatophyceae (CFPP = 8°C), Bacillariophyceae (CFPP = 2.9°C), and Chlorophyceae (CFPP=1.9°C) species, respectively (Stansell et al. 2012 ). The CFPP depends on the amount and chain length of the SFA present in biodiesel. SFA with shorter carbon chains possess lower melting points, thus resulting in lower CFPP values. For this reason, Tetraselmis sp. presented a higher CFPP than those of N. oculata and P. tricornutum due to an increased amount of palmitic acid. Although the sum of SFA was similar in all biodiesel samples (23.3-27.4 %), P. tricornutum displayed slightly higher amounts of myristic acid and similar amounts of palmitic acid that ultimately produced a similar CFPP value with that of N. oculata. Because PUFAs are prone to oxidation, the contents of LA and PUFAs with ≥4 double bonds are regulated by EN 14214 specification with maximum limits of 12 and 1 %, respectively. The LA contents of biodiesel samples produced from N. oculata and P. tricornutum were in accordance with EN 14214. However, the biodiesel of Tetraselmis sp. had higher values than those established in this standard (22.4 %). Regarding the amount of PUFAs with ≥4 double bonds, all biodiesel samples displayed values far higher (19.6-41.4 %) than those recommended by EN specifications (1 % maximum). It is likely that the high amounts of PUFAs in these biodiesel samples may affect considerably its oxidative stability, which could restrict their commercialization. Several authors have related the oxidative stability with the number of bis-allylic position equivalents (BAPE) of the FAME present in the biodiesel since these are the structural sites most prone to oxidation (Knothe 2002; Bucy and Marchese 2012) . Using the equations derived by Knothe (2002) , the number of BAPE was 117, 155, and 110 for P. tricornutum, N. oculata, and Tetraselmis sp., respectively. Therefore, according to the fits obtained by Bucy and Marchese (2012) , relating the oxidative stability with BAPE, oxidative stabilities lower than 3 h should be expected for our biodiesel samples, meaning that none of these would meet either the American or European standards (3 and 6 h, respectively). This problem can be solved by either partial hydrogenation or via antioxidant supplementation (Jang et al. 2005; Knothe 2007) . However, such manipulations might significantly reduce the economical feasibility of biodiesel. The use of other microalgal strains combining higher saturation profiles with higher lipid productivities might therefore be preferable to other cost-cutting measures in order to turn microalgae-based biodiesel feasible.
Calorimetric evaluation
The results of elemental composition (i.e., C, H, and O) and calorimetric values are presented in Table 3 ; also included are the results of HHV estimation using models recommended in the literature as most accurate. As expected, due to the oxygen content of its components, it is generally accepted that biodiesel from all sources exhibits ca. 10 % lower HHV (per mass) than petroleum diesel (Demirbas 2008; Hoekman et al. 2012) , which has an HHV of ca. 45.8 MJ kg −1 (Boundy et al. 2011) . When compared with other biomass fuels, HHV of biodiesels are relatively high, typically in the range of 39-41 MJ kg −1 (Demirbas 2008; Hoekman et al. 2012) . Our biodiesel samples HHV lie on the upper boundary of this range. HHV experimental determinations for algal biodiesel are very scarce and could only be found for Scenedesmus sp. (Chen et al. 2012 ) and S. obliquus (Mandal and Mallick 2012) . Mandal and Mallick (2012) ) accepted value (Boundy et al. 2011) . We therefore conclude that the values reported correspond in fact to LHV, which are now closer to (but still lower than) the values presented in Table 3 . Regarding the work by Chen et al. (2012) (Changdong and Azevedo 2005) , and estimated through a group contribution method (GC) (Levine et al. 2014) Table 3 also presents estimates of HHV based on elemental analysis composition (EA; Changdong and Azevedo 2005) and estimated through a group contribution method (GC; Levine et al. 2014) . Several methods have been proposed to estimate HHV, including correlations based on elemental analysis composition (Changdong and Azevedo 2005) , and correlations based on chemical composition, considering the mass average of the HHV of its constituent FAAE (Fassinou 2012) . The latter method presents several limitations and is difficult to implement, mainly due to the fact that there is a general lack of information on the literature regarding FAAE HHV, particularly for FAAE common in algal-derived biodiesel, which are particularly rich in PUFA-derived esters. However, from the results in Table 3 , it is evident that general unified correlations, such as the one proposed by Changdong and Azevedo (2005) , are also not suitable for estimating the HHV of a specific fuel type, such as biodiesel. Levine et al. (2014) proposed an extension of a group contribution method to estimate the HHV of FAAE for predicting the HHV of biodiesel fuel (Walters 2001) . Group contribution methods are both classical and reliable ways of estimating thermodynamic properties and can easily be extended from the usual enthalpies of formation to HHV estimation. However, such a methodology is still not available, and therefore the procedure described by Levine et al. (2014) was used to produce group contribution estimates (Table 3) . This method affords results close to, but systematically lower than, the HHV experimentally determined. This underestimation may be due to lack of accuracy on the calculation of HHV of individual components. On the other hand, microalgae from different phyla are known to contain hydrocarbons, usually accounting for less than 2 % of the algal biomass DW (Qin 2010) . Since the combustion energy of hydrocarbons is higher than the FAAE composing biodiesel (Levine et al. 2014) , this is actually highly advantageous for fuel production. In fact, such microalgae as Botryococcus braunii are mainly sought for their production of hydrocarbons rather than lipids (Knothe 2011) . Therefore, our algal biodiesel might contain a non-negligible amount of hydrocarbons that may contribute to the larger than predicted biodiesel HHV.
Conclusions
Lipids of microalgae can be easily recovered from wet biomass using IPA. The resulting biofuel has favorable energy contents (HHV≈41 MJ kg ) and meets most requirements of EN 14214 and ASTM D6751 specifications. However, the estimated CN, despite meeting the American standard, is slightly lower than the limit established by the European standard, and the produced biodiesel contains unacceptable levels of PUFA with ≥4 double bonds. In addition, the FAME composition and particularly the high content of bis-allylic position equivalents of these biodiesel samples foresee a poor oxidative stability. To overcome these limitations, several post-production processing methods can be applied to improve these properties. Alternatively, screening for novel microalgae with more adequate fatty acid profiles may be attempted in order to cut processing costs.
